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Abstract: 
Copper dopants are varyingly reported to enhance photocatalytic activity at titanium dioxide surfaces 
through uncertain mechanisms. In order to interpret how copper doping might alter the performance 
of titanium dioxide photocatalysts in aqueous media we applied density functional theory methods to 
simulate surface units of doped anatase (101) planes. By including van der Waals interactions, we 
consider the energetics of adsorbed water at anatase surfaces in pristine and copper doped systems. 
Simulation results indicate that copper dopant at anatase (101) surfaces is most stable in a 2+ 
oxidation state and a disperse configuration, suggesting the formation of secondary CuO phases is 
energetically unfavourable. In agreement with previous reports, water at the studied surface is 
predicted to exhibit molecular adsorption with this tendency slightly enhanced by copper. Results 
imply that the enhancement of photoactivity at anatase surfaces through Cu doping is more likely to 
arise from electronic interactions mediated by charge transfer and inter-bandgap states increasing 
photoexcitation and extending surface-hole lifetimes rather than through the increased density of 
adsorbed hydroxyl groups. 
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1. Introduction: 
Transition metal doping of titanium dioxide 
photocatalysts is often carried out with the aim 
of enhancing photocatalytic activity through 
improved photoexcitation and/or reduced 
electron-hole recombination [1,2]. Despite an 
increasingly large number of investigations 
into these materials, applied transition metal 
doped TiO2 photocatalysts are yet to find 
applications. The entanglement of multiple 
surface and bulk effects and non-equilibrium 
behaviour encumber experimental 
investigations into doped systems and 
consequently, the mechanisms through which 
transition metal doping may enhance 
photocatalytic activity of titanium dioxide 
remain unclear, limiting progress towards the 
optimisation and future utilisation of such 
materials. Moreover, a number of studies have 
found an impairment to photocatalytic activity 
may arise from the addition of such dopants, 
which may act as exciton recombination 
centres [3,4]. 
Copper in particular is widely utilised as a 
dopant in TiO2 in efforts to enhance 
photocatalytic performance. Relative to 
pristine materials, Cu doped titanium dioxide 
(Cu-TiO2) is commonly reported to exhibit 
improved electron-hole separation with 
photoexcitation. Although dopant surface 
concentration would be a more relevant 
parameter, experimental studies have found 
improvements in photocatalytic activity to be 
optimised at Cu dopant levels between 0.1-2 
at% [5–11]. 
Most laboratory studies conducted towards 
TiO2 photocatalysis have utilised powder form 
material, predominantly in the anatase phase, 
although the fabrication of thin films and rutile 
materials is also often undertaken [12–14]. 
Copper dopant behaviour in TiO2 is strongly 
linked to synthesis parameters and the diverse 
methods employed in materials fabrication and 
analyses have understandably yielded varied 
findings. Experimental studies have observed 
diverse Cu speciation in doped TiO2 with a 
majority of studies reporting the presence of 
copper dopant in a Cu2+ valence. These species 
are frequently reported to substitute for Ti4+ to 
give a solution phase with the composition 
CuxTi1-xO2 and an increased lattice density of 
oxygen vacancies [5,6,10,15–17], and 
reportedly may also occupy interstices in 
anatase [11,18]. In addition to solid solutions, 
Cu2+ is widely found to exist in crystalline or 
amorphous CuO nanoclusters and surface 
localised Cu(OH)2 in doped TiO2 [5–7,9,19]. 
Less common than Cu2+, the presence of 
monovalent Cu+ is also reported, both in 
substitutional positions as well as in Cu2O 
clusters [8,11,20]. Reports suggesting the 
absence of a CuO or Cu2O phase often rely on 
XRD data, and it should be noted that such 
results do not necessarily preclude the 
existence of amorphous or fine secondary 
oxide precipitates. Finally, copper dopant as 
metallic Cu0 species is observed to arise even 
when fired in air in the absence of a reducing 
agent and is likely to play a role similar to Au 
or Ag dopant nanoclusters [8,11]. 
The experimental evidence for the 
enhancement of photocatalytic activity in TiO2 
through copper doping is inconclusive, and 
diverse mechanisms are reported. Enhanced 
activity is most often understood to be driven 
by reduced charge carrier recombination in 
Cu-TiO2 materials. This has been reported to 
arise as the result of photo-generated electrons 
facilitating the reduction Cu2+ + e− → Cu+, 
thus extending the valence band hole lifetimes 
at surfaces, which are able to react with 
adsorbed species to form active radicals [5,6]. 
However, reports that Cu+ and Cu0 enhance 
photo-activity more effectively than Cu2+ are 
in disagreement with this mechanism [8,20]. 
Alternatively, the presence of a CuO or Cu2O 
phase in may improve exciton lifetime through 
electron capture in the secondary phase 
[21,22] or enhance activity through an 
increased surface area [5,23]. Metallic clusters 
are understood to enhance photoactivity by 
expediting charge transfer with adsorbed 
species [8] while band-gap narrowing induced 
by copper cations may extend the range of 
wavelengths that are utilised in photocatalysis 
[10,24]. Above a certain threshold, increasing 
the concentration of Cu dopant is often 
reported to bring about a diminishment in 
photocatalytic activity through a combination 
of enhanced recombination and shading [6,9]. 
The diversity in the reported behaviour of Cu 
dopants and their effects on photocatalytic 
activity stems largely from diverse materials 
synthesis methods that result in Cu dopant in 
non-equilibrium sites, as well as from the 
diverse approaches through which 
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photocatalytic activity is assessed. As with 
other dopants, the effect of a copper dopant on 
photoactivity in TiO2 is likely to strongly 
depend on the experimental conditions used 
[25]. Additionally, as copper nanostructures 
are themselves known to act as catalysts for 
oxidative reactions, decoupling the secondary 
phase activity from the observed titanium 
dioxide driven photocatalysis may be 
problematic from experimental point of view. 
In addition to the material interactions of 
transition metal doping, the speciation of 
adsorbates at terminated oxide interfaces plays 
a critical role in controlling the performance of 
applied photocatalysts and has rarely been 
considered in computational studies. 
Photocatalysed phenomena at TiO2 surfaces 
are most often mediated through adsorbed 
water and the associated intermediate radical 
species that arise through photocatalysed 
redox reactions. Water at TiO2 surfaces in 
general and anatase surfaces in particular is 
known to be present though associative 
(molecular) and dissociative adsorption [26–
28]. Considering the likely mode of water 
adsorption is a key step towards interpreting 
the performance of doped TiO2 materials as 
photocatalysts in aqueous media. 
Generally speaking, increased water 
dissociation activity at TiO2 surface gives rise 
to higher photocatalytic performance in many 
aqueous target applications, such as water 
decontamination, owing to the increased 
presence of photogenerated radicals [29,30]. 
Favourable dissociation energetics of water 
adsorbed at the different surfaces of TiO2 are 
reported to arise as the result of oxygen 
vacancies, structural defects and the proximity 
of acidic and basic sites. For this reason, the 
effect of localised dopants and electronic 
interactions on the dissociation energetics of 
surface adsorbed water is of interest towards 
interpreting dopant effects on photocatalytic 
performance. 
The aim of the present work is to disentangle 
multiple physical phenomena and shed new 
light on the effects of copper doping in 
titanium dioxide photocatalysts by considering 
multiple aspects of surface interactions from 
an energetics perspective. This is studied by 
evaluating the stability of copper at different 
surface sites in anatase TiO2 including the 
interaction of surface chemistry and dopant 
speciation. Through this Density Functional 
Theory (DFT) based study we assess the 
mechanisms through which the presence of Cu 
in TiO2 photocatalysts may give rise to 
enhanced performance and the circumstances 
in which this enhancement is anticipated. 
2. Methodology 
Photocatalysis is a surface mediated 
phenomenon, and therefore in computational 
studies towards such applications it is most 
appropriate to focus on electronic interactions 
localised at surface regions rather than bulk 
behaviour, which may differ fundamentally. 
Furthermore, by focusing on a terminated 
surface, application-relevant behaviour of 
titanium dioxide photocatalysts can be 
computationally studied by including 
adsorbate interactions in simulations. In the 
present work we focus our study on the (101) 
surface plane of anatase phase TiO2 (a-TiO2). 
The metastable anatase phase is typically the 
first crystalline phase formed through most 
synthesis procedures and is the most 
frequently studied phase in photocatalysis 
[13,31]. The (101) surface is chosen as this 
family of crystallographic planes is the most 
thermodynamically stable and therefore the 
most appropriate for energetics based 
computational studies. It also represents the 
majority of the surface area formed in 
commonly synthesised materials [32,33]. 
As illustrated in Fig. 1, the anatase (101) 
surface was constructed by stacking three a-
TiO2 layers with vacuum space of 20 Å added 
normal to the (101) surface separating 
consecutive slabs. Water molecules were 
adsorbed on one side of the slab only while the 
ions on the outermost layers of the opposite 
surface were fixed to their bulk positions 
during the geometry optimisation. In the next 
step, a 1a×4b surface supercell of dimensions 
10.90 Å × 15.10 Å was constructed exposing 
eight outermost O atoms on the surface. 
Density functional calculations were carried 
out within augmented plane-wave potential 
[34,35] formalism as implemented in VASP 
code [36,37]. Brillouin zone sampling was 
carried out by choosing a 2×2×1 k-points set 
within a Monkhorst-Pack scheme that 
generated a grid with spacing of ~0.05 Å−1 
between k points while the energy cut-off was 
set to be 500 eV. Total energy convergence 
test was performed by increasing the k-point 
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mesh with ~0.03 Å−1 spacing; it was found that 
the total energy differs only by 10−6 eV/atom. 
Additionally, we recalculated the adsorption 
energy of few configurations of water 
molecule on the surface in the supercells with 
stacking of four layers of a-TiO2. We found 
that the adsorption energy differed by only 
~0.1 meV. Therefore, the results were well 
converged with respect to k-point mesh and 
supercell thickness. For exchange-correlation 
functional, we used generalised gradient 
approximations (GGA) as parameterised by 
Perdew and Wang [38]. Furthermore, in order 
to assess the magnitude of the dispersion 
interaction on the adsorption energies, we also 
repeated the calculations using the non-local 
van der Waals (vdW) correlation functional 
that approximately accounts for dispersion 
interactions as proposed by Dion [39] and 
implemented by Klimeš et al. [40] and 
Roman-Perez et al. [41]. Results of both GGA 
and vdW functionals are presented in this 
work. 
 
Fig. 1. Top (a) and side (b) views of (101) 
anatase TiO2 are presented. There two distinct 
sites for each of Ti and O atoms on the 
outermost layer of the surface. In the case of O, 
O2c has a coordination number of 2 while O3c 
has a coordination number of 3. In the case of 
Ti, Ti5c has a coordination number 5 while Ti6c 
has a coordination number of 6. 
3. Results  
3.1. Water on Pristine a-TiO2 (101) 
3.1.1. Associative Water Adsorption 
In order to find the most stable configuration 
of the intact water molecule on the TiO2 
anatase (101) surface, we examined all 
possible configurations in which a water 
molecule could be positioned at different Ti or 
O surface sites while simultaneously 
accounting for all possible orientations of the 
water molecule with respect to the O-Ti-O 
bonds of the surface. As presented in Fig. 2, 
all considered configurations relaxed to three 
distinct configurations labelled A1−A3. In 
configuration A1, the water molecule’s O 
atom is located near the Ti5c site. In 
configuration A2, the water molecule’s O 
atom is still located near the Ti5c site however 
with a different orientation. In the case of 
configuration A3, the water molecule’s O 
atom is located near the Ti6c site. In this case 
the water molecule was only stable in the 
presented orientation. The water molecule was 
not found to bind to an O site. The adsorption 
energy (Ea) is defined as follows: 
Ea = −[Econf−Esurface−Ewater], 
where Econf is the total energy of the surface 
and the water molecule for a given 
configuration, Esurface is the total energy of the 
surface and Ewater is the total energy of the 
water molecule. Positive Ea values indicate 
attractive interaction between the water 
molecule and the surface. The corresponding 
adsorption energy of each configuration is 
given in Table 1. Configuration A1 was found 
to be the most stable configuration on the TiO2 
surface with Ea of 0.87 eV within the GGA 
framework. In this configuration the distance 
between water molecule’s O atom and the 
closest Ti atom from the surface (d1) was 2.24 
Å. The calculated Ea and d1 of configuration 
A1 is in good agreement with the previously 
reported values of 0.82 eV and 2.27 Å for the 
same configuration [42]. As the distance 
between the O atom and the closest Ti site (d1) 
increased in A2 and A3 configurations, the 
adsorption energy decreased to 0.57 eV and 
0.10 eV respectively. When the van der Waals 
interaction was considered, the adsorption 
energies increased by a considerable margin; 
Ea for A1, A2 and A3 configurations were 
found to be 1.16 eV, 0. 81 eV and 0.23 eV 
respectively. Nonetheless, the trend of the 
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stability was the same as that of the 
conventional GGA calculations. The distance 
between water molecule’s O atom the closest 
Ti atom, however, did not change drastically 
in the optimised configurations within the 
framework of vdW interaction. 
 
Table 1. Adsorption energy (in eV) of associative 
water molecule adsorption on anatase TiO2 
(101) surface. d1 is the distance of the O atom in 
the water molecule to the closest Ti atom on the 
surface while d2 is the shortest distance of water 
molecules H atom to the closest O atom of the 
surface. 
Configura
tion 
GGA vdW 
Ea 
(e
V) 
d1 
(Å
) 
d2 
(Å
) 
Ea 
(e
V) 
d1 
(Å
) 
d2 
(Å
) 
A1 
0.8
7 
2.2
4 
1.9
9 
1.1
6 
2.2
1 
1.9
6 
A2 
0.5
7 
2.2
6 
2.7
3 
0.8
1 
2.2
4 
2.7
2 
A3 
0.1
0 
4.1
1 
3.8
0 
0.2
3 
3.8
3 
4.0
1 
 
 
Fig. 2. Top and side views of the associative 
adsorption of the water molecule that were 
found to be stable. (a) and (b) correspond to 
configurations A1, (c) and (d) correspond to 
configuration A2 and (e) and (f) correspond to 
configuration A3. 
 
3.1.2. Dissociative Water Adsorption 
In order to study the dissociative water 
adsorption, we calculated the dissociation 
energy (Ed) of the water molecule based on the 
most stable associative configuration A1. The 
dissociation energy is defined as the difference 
between the total energy of the associative 
adsorption and the dissociative adsorption. 
Negative values for Ed indicate that associative 
adsorption is more stable. The configurations 
of dissociative adsorption were constructed by 
splitting the water molecule into OH+H ionic 
fragments on the a-TiO2 (101) surface. To 
examine the stability of such dissociation, Ed 
was calculated for three dissociative 
configurations (B1−B3) in which the distance 
between H and O atom in the OH group (r) 
was gradually increased by placing the H atom 
on the crystallographically distinct O sites at 
various distances from the OH group. 
Configurations B1−B3 are presented in Fig. 3 
while the dissociation energies are presented 
in Table 2. Configuration B1 represents the 
closest possible distance between the OH 
group and the disassociated H atom with r = 
1.95 Å when optimised in GGA scheme.  
In this case, as indicated in the isolated surface 
hydrogen is located on the top of a nearby O3c 
site with Ed of −0.75 
eV. In configuration 
B2, the isolated 
hydrogen is located 
slightly further at a 
distance of 2.11 Å on 
the top of an O2c site 
with an Ed of −0.30 eV. 
In configuration B3, the 
isolated H was located 
at a distance of 4.34 Å 
on the top of an O3c 
with an Ed of −0.81 eV. 
When vdW interaction 
was included, the 
dissociation energies all 
slightly decreased 
nonetheless still preserving the trend obtained 
by the GGA. The change in the optimised 
structures was even more subtle. Since in all 
cases the Ed was negative, the dissociation of 
water molecule on the a-TiO2 (101) surface is 
not thermodynamically favoured. In this 
regard, undoped (101) surfaces act contrarily 
to (001) surfaces at which the water molecules 
are reportedly adsorbed dissociatively [43,44]. 
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Table 2. Dissociation energy (in eV) of 
dissociative water molecule adsorption on 
anatase TiO2 (101) surface. d1 is the distance 
between the O molecule in OH group to the 
closest Ti atom of the surface while r is the 
distance of the detached H atom to the O atom 
of the OH group. 
Configura
tion 
GGA vdW 
Ed 
(eV
) 
d1 
(Å
) 
r 
(Å
) 
Ed 
(eV
) 
d1 
(Å
) 
r 
(Å
) 
B1 
−0.
75 
1.8
7 
1.8
9 
−0.
82 
1.8
6 
1.9
5 
B2 
−0.
30 
1.8
7 
2.1
1 
−0.
31 
1.8
7 
2.1
5 
B3 
−0.
81 
1.8
1 
4.3
4 
−1.
05 
1.8
1 
4.4
2 
 
Fig. 3. Top and side views of adsorption of sites 
that were found to be stable for dissociative 
water molecule. (a) and (b) correspond to 
configurations B1, (c) and (d) correspond to 
configuration B2 and (e) and (f) correspond to 
configuration B3. The distance values presented 
in the top panels correspond to r. 
 
3.2. Water adsorption on Cu doped a-
TiO2 (101) 
3.2.1. Cu on TiO2 Surface 
We first identified the most stable substitution 
site for the Cu atom on the outermost layer of 
the a-TiO2 (101) surface by comparing the 
total energies of the configuration in which Cu 
atoms substitute for Ti5c [Fig. 4(a) and (b)] and 
the configuration in which Cu substitutes a 
Ti6c site [Fig. 4(c) and (d)]. Under GGA, Cu 
substituting for Ti5c was found to be 0.26 eV 
more stable than the case in which Cu 
substitutes Ti6c. This margin of stability 
increases to 0.39 eV in the case of vdW 
inclusive calculations. The density of states 
(DOS) of both pristine and Cu doped surfaces 
as calculated by GGA method are presented in 
Fig. 5(a) and (b) respectively. According to 
Fig. 5(a), the intrinsic bandgap in TiO2 surface 
layer is ~2 eV which is considerably smaller 
than the experimental value of ~3.1 eV. This 
underestimation is attributed to the GGA’s 
inherent lack of charge derivative 
discontinuity [45]. Nonetheless, GGA’s DOS 
analysis is still insightful for qualitative 
evaluation [46]. As demonstrated in Fig. 5(b), 
the inclusion of Cu on the outermost layer 
results in an inter-bandgap states in the middle 
of the fundamental bandgap. This inter-
bandgap peak would be expected to manifest 
optically as a reduced bandgap, and indeed an 
effective reduction of the bandgap 
by Cu doping has been previously 
observed experimentally [11,47].  
 
 
 
 
 
Furthermore, charge population 
analysis reveals that there are 8.97 
electrons in Cu’s d orbitals 
indicating an oxidation state of 2+ which is in 
contrast to bulk Cu dopant behaviour [48]. In 
order to investigate the possibility of Cu 
aggregation which is a prerequisite for 
formation of a secondary CuO, we constructed 
two configurations with two Cu atoms 
substituting Ti at the surface. In the first 
configuration the Cu atoms were located at the 
closest proximity of 3.07 Å from each other 
while in the second configuration the Cu 
atoms were located at the furthest distance 
possible within the supercell of 8.07 Å. We 
found that the configuration with Cu atoms 
farthest apart was ~2 meV more stable 
indicating the absence of a strong tendency 
towards aggregation among Cu atoms at the a-
TiO2 surface. 
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Fig. 4. Top and side views of relaxed CuTi 
surface dopant. (a) and (b) correspond to the 
case where Cu substitutes a Ti5c and (c) and (d) 
to the case where Cu substitutes 
aTi6c.
 
Fig. 5. The density of States (DOS) of the surface 
layer of (a) a-TiO2 and (b) Cu doped a-TiO2 
systems with respect to vacuum. 
 
3.2.2. Associative Water Adsorption 
We examined the effect of Cu substitution on 
the water molecule’s associative adsorption by 
calculating the adsorption energy of a water 
molecule near a Cu atom that substituted a 
Ti5c. From examining all possible 
configurations, it was found that, as with 
pristine surfaces, the A1 configuration is the 
most stable condition for water adsorption at 
Cu doped a-TiO2 (101) surface. In this case, E
a 
was found to be 0.88 eV under GGA and 1.02 
eV under vdW calculations. By comparing 
these values to the Ea values of the A1 
configuration in Table 1, we find that the 
effect of Cu on the adsorption energetics of 
intact water molecules is insignificant 
regardless of the computational scheme 
employed. 
3.2.3. Dissociative Water Adsorption 
The dissociative structure was found to be 
stable only when the distance of H and the OH 
group at the beginning of the geometry 
optimisation was at least 4.90 Å in a similar 
atomic arrangement to that of configuration 
B3. When the H atom is located at a closer 
distance to the OH group in which the initial 
geometries are similar to those of 
configurations B1 and B2, due to outward 
relaxation of the Cu atom in the vicinity of the 
water molecule, in the optimised geometry, the 
OH group and the isolated hydrogen atom bind 
together to form an intact water molecule. The 
relaxation pattern for the case in which the 
isolated H atom is located on the top of the O2c 
site at a distance of 2.75 Å to OH group’s O 
atom is illustrated in Fig. 6. For true 
dissociative geometry in which the H atom 
was far enough at 4.90 Å, the dissociation 
energy was found to be −1.84 eV for the case 
of GGA and −2.00 eV for the case of vdW 
functionals. Therefore, the presence of 
substitutional Cu dopant is found to further 
inhibit water dissociation at Cu doped a-TiO2 
(101) surface. 
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Fig. 6. (a) and (b) are the top and side views of 
the initial and (c) and (d) are the top and side 
views of the optimised (final) structures of water 
adsorption on Cu doped a-TiO2 (101) surface. 
The upward relaxation of Cu atom moves the 
OH group closer to the isolated H atom that 
initially was at a distance of 2.75 Å. 
Consequently, in the optimised geometry the 
split OH+H complex relaxes into an intact water 
molecule. 
3.2.4. Effect of Carrier doping 
In order to investigate the effect of photo-
induced electron and hole on the adsorption 
energetics of water, we recalculated the 
adsorption energies and the dissociation 
energies in the presence of free carriers. We 
simulated the presence of a hole in the system 
by substituting an O atom with a N atom. 
Likewise, we simulated the presence of an 
electron in the system by substituting an O 
atom with a F atom. By using doping as a 
model for generating carriers, we avoided the 
large finite size effects that result from the 
uniform charge background. Furthermore, it 
has been shown previously that carriers 
generated by doping accumulate near the 
surface resembling the photo-generated 
electrons and holes [49]. To calculate the Ea, 
we used a configuration similar to A1 (most 
stable configuration for associative water 
adsorption) and replaced an O atom from the 
bottom layer with either N or F. Such a site for 
the carrier dopant eliminates any undesired 
geometrical effects on the surface. To 
calculate Ed, on the other hand, we constructed 
a configuration similar to B2 (lowest energy 
configuration for dissociative water 
adsorption) with carrier dopants located at the 
bottom layer. For Cu doped systems, carrier 
doped structures were based on the most stable 
associative and dissociative structures. These 
calculations were performed with GGA 
functional only and the results are presented in 
Table 3. In the case of hole doping, the 
adsorption energy of water molecule on 
pristine surface remained the same at 0.87 eV 
while in the case of electron doping, it slightly 
increased to 0.88 eV. The dissociation energy 
on the other hand remained the same as that of 
the undoped system at −0.30 eV. For Cu 
doped surfaces, the adsorption energy for the 
hole doped system was 0.81 which is slightly 
lower than the 0.88 eV of the undoped system 
while for the electron doped system, the 
adsorption energy was slightly higher at 0.92 
eV. The dissociation energy of the Cu doped 
surface also varied slightly with carrier 
doping: In the hole doped system, Ed was 
−1.77 eV while in the electron doped system 
Ed was −1.93 eV (for comparison Ed in 
undoped system for Cu doped surface was 
−1.84 eV). 
Table 3. The adsorption energy (Ea) and the 
dissociation (Ed) energy of water molecule 
on a-TiO2 and Cu doped a-TiO2 in the 
present of additional hole and electron. 
System 
N (hole) 
doping 
F (electron) 
doping 
a-TiO2 
(101) 
surface 
Ea = 0.87 
eV 
Ea = 0.88 eV 
Ed = −0.30 
eV 
Ed = −0.30 eV 
Cu doped a-
TiO2 (101) 
surface 
Ea = 0.81 
eV 
Ea = 0.92 eV 
Ed = −1.77 
eV 
Ed = −1.93 eV 
4. Discussion 
The present study focuses on the physico-
chemical aspects of anatase surfaces in pristine 
and copper doped materials. In particular, we 
focused on interactions with adsorbed water at 
a surface unit representing the (101) family of 
planes, the most energetically favourable and 
widely present crystallographic surface in 
anatase materials [28]. This methodology is in 
contrast to most DFT based computational 
studies which invoke bulk material rather than 
surface lattice systems. 
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Results from both GGA and GGA+vdW 
functionals indicate that at pristine anatase 
(101) surfaces the presence of adsorbed water 
is energetically favourable in a molecular or 
associative type adsorption rather than 
dissociative, for all adsorption configurations. 
This trend is consistent with the reported 
molecular water adsorption from earlier 
experimental and computational studies 
[44,50,51]. This may suggest lower levels of 
hydroxyl radical formation at this 
crystallographic surface and an increased 
dominance of pathways mediated through 
adsorbed molecular species. 
The presence of a copper dopant at anatase 
(101) surfaces is found to be most stable in a 
disperse configuration suggesting the 
formation of secondary CuO phases is 
energetically unfavourable. This does not 
preclude the formation of secondary phases in 
the bulk and furthermore synthesis dependant 
non-equilibrium behaviour is likely to occur 
owing to inhomogeneous dopant distribution 
arising during processing or crystallisation. 
The presence of a substitutional copper 
dopant, most stable at five-coordinated Ti 
sites, is not found to result in increased water 
dissociation activity relative to the pristine 
material. 
Surface dispersed Cu species are predicted to 
be substitutionally present in a 2+ valence 
states. This behaviour of Cu in terms of 
valence and lattice distribution is supported by 
the experimental findings of Li et al. [6] who 
concluded that metal to metal charge transfer 
in Ti-O-Cu complexes at TiO2 surfaces 
enhance photoactivity through charge carrier 
separation while CuO clusters serve as exciton 
recombination centres. Additionally, our 
simulation results imply that as has been 
suggested by experimental studies [5,6], the 
reduction Cu2+ + e− → Cu+ may serve as a 
further mechanism through which the lifetime 
of surface holes may be extended . This has 
been supported previously by spin-resonance 
[52] and diffusive reflectance spectroscopic 
observations [53]. Increased hole lifetime in 
the presence of adsorbed water may enhance 
photoactivity mediated through the reaction 
2h+ + H2O → ½O2 + 2H+. 
The introduction of Cu dopants is predicted in 
the present work to give rise to significant 
inter-bandgap states, which can be interpreted 
experimentally as bandgap narrowing. This 
prediction is in consistency with existing 
experimental reports and suggests that copper 
doping may impart visible light activity in 
anatase photocatalysts, as suggested in 
previous reports [10,24][47,54]. From 
simulated carrier doping it was found that 
neither the presence of a hole nor an electron 
significantly alters the Ea and Ed values in 
pristine and copper doped materials suggesting 
photoexcitation does not impart an increased 
propensity towards water dissociation at 
anatase (101) surfaces. 
 
5. Conclusions 
We used comprehensive density functional 
theory based on both GGA and GGA+vdW 
functionals to study the adsorption and 
dissociation of water molecules at anatase 
(101) surfaces, both pristine and doped with a 
copper dopant. The major findings can be 
summarised as follows:  
a) We found the most stable site of 
associative water adsorption on a-TiO2 (101) 
surface. The adsorption energy of water on 
this site was 0.87 eV within the GGA 
functional and 1.16 eV when vdW correction 
is applied. 
b) Dissociative water adsorption was 
found to be less energetically favourable 
having a total energy at least ~0.30 eV higher 
than the most stable configuration of intact 
water molecule adsorption. 
c) Cu dopant at a-TiO2 (101) surfaces is 
most stable when substituting for the Ti5c site. 
Cu dopants do not notably alter the adsorption 
energy of associative water molecules and 
further inhibit water dissociation. 
d) The presence of carriers either holes or 
electrons does not meaningfully affect the Ea 
and Ed values of water molecules on pristine or 
doped surfaces suggesting photoexcitation 
does not cause further water dissociation. 
e) The presence of substitutional copper 
dopants result in inter-bandgap states, which 
impart visible-light photoactivity in anatase. 
f) The calculations with GGA and 
GGA+vdW functionals render the same 
trends, although for adsorption energies tend 
to be higher and dissociation energies tend to 
be lower with vdW corrected functionals. 
Copper doping is often reported to result in 
enhanced photocatalytic activity in anatase, 
 
Assadi, M.H.N. and Hanaor, D.A.H., 2016. The effects of copper doping on photocatalytic activity at (101) planes of anatase 
TiO2: A theoretical study. Applied Surface Science, 387, pp.682-689.     DOI: 10.1016/j.apsusc.2016.06.178 
 
 
9 
the most stable facets of which are the (101) 
surface. This work suggests that beneficial 
effects of copper doping in an equilibrium 
state at anatase (101) surface are more likely 
to arise through electronic interactions 
mediated through mechanisms of charge 
transfer and effective bandgap narrowing, 
rather than through the modification of surface 
chemistry in adsorbed water. The existence of 
secondary copper-bearing phases can not be 
excluded, as many synthesised materials are 
not in absolute thermodynamic equilibrium 
and the role of these phases merits further 
theoretical investigations. The present work 
did not consider higher energy planes, such as 
anatase (001), which often exhibit higher 
photactivity. The effects of dopants at such 
surfaces may differ from those found here. 
However, since the synthesis techniques used 
to give rise to high levels of (001) planes 
typically yield non-equilibrium crystallisation 
and growth behaviour, thorough theoretical 
and experimental investigation is required to 
identify the role of Cu dopants on those 
surfaces. 
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